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Abstract
Nitrosamines formed in the CO2 capture process are considered potential environmental hazards and ways to 
minimize the formation of these degradation products are necessary. Here, a catalytic nitrosamine hydrogenation 
with amine recovery approach is proposed. Palladium-based heterogeneous catalysts were screened initially, and 
then alternative nickel- and iron-based catalysts were synthesized and evaluated for their performance towards 
nitrosamine destruction. An iron-based catalyst performed superior to the nickel catalyst with 65% destruction of 
nitrosamines, and using fly ash as a metal source for catalytic hydrogenation with >60% destruction of nitrosamines 
was observed. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Amine scrubbing is the most widely accepted technology for CO2 capture. Amines used in this process can be 
primary, secondary, tertiary amines and/or a mixture thereof. Secondary amines have high capture capacity, lower 
regeneration energy, and high thermal and oxidative stability as compared to the primary amine. The major 
drawback of using secondary amines in post-combustion CO2 capture could be potential formation of nitrosamines 
due to the presence of small concentrations of NOx in the flue gas, which might restrict their use as a CO2 capture 
solvent candidate. Any compound or degradation product present in the system containing a secondary amine 
functional group could generate the corresponding nitrosamine. Research on nitrosamine formation has become an 
important aspect of the CO2 capture field due to environmental and health concerns associated with them. 
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Nitrosamines have been shown to decompose by UV irradiation [1, 2], however this approach needs high energy 
input and is applicable only in specific applications such as a water wash column. Irradiating amine solutions with 
UV can generate free radicals that degrade the solvent significantly. Nitrosamines have also been reported to 
decompose by prolonged thermal treatments [3-5]. However, the rate of the thermal treatment is not controllable for 
each specific amine solvent since the absorber and stripper conditions are defined based on the optimal CO2 capture 
parameters of the solvent. Several inhibitors have also been recently reported to prevent nitrosamine formation [6,7]. 
In another approach, the nitrosamines could be hydrogenated under catalytic conditions in the system. Using this 
approach, the overall nitrosamines concentration in the solvent is reduced and the parent amine solvent component 
is regenerated.  
For laboratory nitrosamine destruction experiments conducted here, an up-flow reactor was designed. 
Temperatures and pressures in the system were regulated and the liquid sample was taken out at different time 
intervals to analyze the loss of nitrosamines by gas chromatography-mass spectrometry (GC-MS). A palladium 
based heterogeneous catalyst was initially screened, and then inexpensive nickel- and iron-based catalysts were 
synthesized and evaluated for their performance towards nitrosamine destruction. Nitrosopyrrolidine (NPy) was 
chosen as a representative nitrosamine (Figure 1) due to its commercial availability and its similar properties to 
other reported nitrosamines formed in CO2 capture systems. Fly ash, containing several different key metals, was 
also evaluated as a catalyst for nitrosamine destruction.  
2. Experimental setup and methods 
2.1.  Experimental setup 
An up-flow reactor was designed at CAER (Figure 2) in which a nitrosamine spiked solvent mixture was passed 
over a catalyst bed in the reactor. The reactor had 2 inlets at the bottom for liquid-in and gas-in, and had 2 outlets, 
the top outlet is for releasing gas and side outlet for liquid circulation. The reservoir holds a total volume of 1.0 L. 
The hydrogen gas was circulated into the reactor through the bottom inlet and the liquid is circulated in to the 
reactor through the pump. The system was wrapped with heating tape to maintain the desired temperature 
throughout the experiment. The system also had 2 sampling ports, one at the bottom of the reactor and another at the 
top of the reactor. The catalyst bed was protected with a top and bottom frit to hold the catalyst inside the reactor.
2.2.  Reaction procedure 
For a typical experiment, the reactor was filled with a layer of glass wool then glass beads followed by 10 g 
catalyst. The catalyst was then covered with a layer of glass beads followed by glass wool. The nitrosamine spiked 
solution, 500 mL, was added into the reservoir. Experiments with the Pd catalyst were conducted with a solution 
containing 100 mg/L NPy in DI water. All other tests were conducted with 100 mg/L NPy in a 5M 
monoethanolamine (MEA) solution to resemble the actual CO2 capture solution concentration. The entire system 
was pressurized with hydrogen and the temperature was raised to the desired value. A liquid flow rate of 30 mL/min 
was maintained for all the experiments. Samples of the solution were collected at a regular time interval and were 
analyzed by GC-MS. Nitrosomorpholine (NSMO) was used as an internal standard and was added to each sample 
before the nitrosamines were extracted into methylene chloride. The relative response ratio of NPy to the NSMO 
was calculated in each sample and monitored over the reaction time in each experiment to determine the percent 
nitrosamine destruction.
Each fresh catalyst was activated at 150 °C and 120 psi hydrogen pressure for 6 h prior to the experimental run. 
After each test was completed, the reactor and reservoir were cooled, the pressure was released and the reaction 
solution was removed completely from the system. The catalyst was used for the subsequent test run without 
reactivation.
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Fig.1. Hydrogenation of nitrosopyrrolidine 
Fig.2. Reactor design for lab scale nitrosamine destruction experiments 
2.3.  Catalyst synthesis 
The following catalysts were prepared and evaluated for nitrosamine destruction. 
• Silica granule based catalysts: ~2 wt% Pd was loaded in the form of palladium nitrate over silica granules 
support by wet impregnation method using methanol as a solvent. The material was dried and calcined at 450 °C 
for 4 h to get Pd-silica catalyst granules. Approximately 5 wt% Ni-silica catalyst was prepared by wet 
impregnation method using nickel nitrate as a metal precursor followed by 4 h calcination at 450 °C. The Ni and 
Pd catalysts obtained are shown in Figure 3. 
• Octahedral molecular sieve (OMS) based catalyst: The catalysts were prepared by hydrothermal treatment using 
nitrite metal salts as metal precursor. An acidic solution of manganese nitrate was mixed with the metal nitrate 
solution. To this, a solution of potassium permanganate was added dropwise at 70 °C. The precipitate was stirred 
at reflux temperature for 24 h, filtered, washed until a neutral pH and dried in an oven at 120 °C for 24 h to get 
the catalyst. Three different catalysts, Pd, Ni and Fe, were prepared using the above technique.  
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Fig.3. (a) Pd-silica catalyst granules (b) Ni-silica catalyst granules
2.4. Catalyst pelletization 
It was initially observed that a powder catalyst would pass through the reactor frit and circulate throughout the 
system. Therefore, the catalysts were converted into a pellet form by adding a small amount of a binder. For the 
present study, guar gum, starch and PEG-1000 were selected as binders. Catalyst pellets (approximately 1” in 
diameter) were prepared by mixing the selected binder (1-5%) with the powder catalyst at 10000 pounds pressure 
for 2 minutes. Ultimately, it was observed that adding 5% PEG-1000 was capable of making a stable and strong 
pellet. The size of the prepared pellets were fairly large, but were cut into smaller pieces that would not pass through 
the frit while increasing the available surface area of the catalyst pellet. 
3. Results and discussion 
Initial experiments were conducted with a well-known hydrogenation catalyst, palladium. The system 
temperature was maintained at 50 °C and hydrogen pressure at 50 psi. 500 mL of a 100 mg/L NPy spike DI water 
solution was added into the system reservoir. After 6 h at the experimental conditions, a sample was removed and 
92% conversion of the NPy was observed. The solution was then completely removed and fresh solution was added 
and the experiment was continued to study catalyst recycle and activity. 87% conversion was achieved for the 
second run. The same catalyst was tested a third time and the conversion decreased to 74%. The activity of the 
catalyst was dropping by 5-7% for each consecutive test (Figure 4). After confirming the concept with Pd catalyst, 
focus was shifted to make nickel based cheaper catalysts. Initial test with the Ni-silica catalyst granules showed very 
small (negligible) activity at 50 °C and 50 psi hydrogen pressure for 8 h. Hence, the temperature was increased up to 
100 °C and pressure to 100 psi. For this catalyst, the maximum destruction capacity was 58% in 8 h. Destruction 
capacity was slightly increased for 3 cycles which could be due to the insufficient catalyst activation (Figure 5).  
Fig.4. Nitrosamine destruction using Pd-silica catalyst 
Reaction conditions: 500 mL 100 mg/L NPy in DI water, 30 
mL/min flow rate, 6 h, 50 °C and 50 psi 
Fig.5. Nitrosamine destruction using Ni-silica catalyst 
Reaction conditions: 500 mL 100 mg/L NPy in 5M MEA, 30 
mL/min flow rate, 8 h, 100 °C and 100 psi 
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To achieve higher conversion efficiency, it was further necessary to evaluate different catalysts based on metal-
support interactions. From the reported literature it was found that the octahedral molecular sieve (OMS) of 
manganese possesses redox nature and could serve as a good catalyst for oxidation-reduction reactions [8]. Among 
the varying tunnel sizes based on the synthesis method, OMS-2 prepared by a hydrothermal method contains 2×2
tunnel structure of manganese oxides and the metal ion of interest resides at the center of the cage (Figure 6). Here, 
the metal replaces the existing potassium ion and the amount of metal deposition depends on the size of the cage. 
The active metal center behaves as an active site by changing its valance state continuously due to the electron 
transfer from the vacant sites of the OMS-2 structure. Initially, Pd-based and then Ni- and Fe-based OMS-2 catalysts 
were synthesized and evaluated. Theoretically, 5 mol% Pd, 10 mol% Ni and 10 mol% Fe catalysts were prepared, 
however the actual concentration of metal present was not determined.  
Experiments were conducted with the fresh catalyst and their first reuse. Due to the limit of the experimental 
setup, temperature above 120 °C could not be used for the reactions. Temperature of 120 °C and 120 psi hydrogen 
pressure were selected for the 6 h experiment run. With Pd-OMS catalyst, the activity increased after the first run. 
This could be due to insufficient activation of the fresh catalyst used in the first run. The nickel catalyst showed 
about 58% conversions in the first run which dropped to 52% in the second cycle. The iron based catalyst was a 
little more effective compared to the palladium and nickel catalysts with 64% conversion obtained in the first run 
and about 55% in the second cycle (Figure 7). The results obtained with OMS based catalysts were comparable to 
the silica granule catalysts. However, the advantage of using these catalysts was the ability to skip the calcination 
step in the preparation method while maintaining similar activity. In our future experiments, these OMS based 
catalysts will be tested to determine their long term stability. 
From the above experiments, iron was found to be an active metal toward nitrosamine reduction under 
experimental conditions applicable to the CO2 capture system. Fly ash generated at the power station containing 
metal oxides, especially FeO, could potentially serve as an active catalyst towards the nitrosamine hydrogenation 
reaction. Using fly ash would be advantageous since it is generated as a by-product of coal combustion. In these 
experiments, 10 g catalyst pellets were prepared from Ghent UFA AWOPS fly ash and screened under similar 
experimental conditions. The analysis of the fly ash has been reported previously and contained 5.37% FeO [9]. The 
catalyst activity of the fly ash pellet was tested for 5 cycles. A maximum of 53% destruction capacity was observed 
in the third cycle but dropped to 28% in the fifth run (Figure 8).  The reason for increased activity for first three 
cycles was not clear, but it could be due to the insufficient activation of the catalyst. However, a drop in fourth and 
fifth cycle could be attributed to metal leaching or catalyst fouling. Metal leaching from the catalyst was not 
considered favorable for the process as it could act as an oxidation catalyst under normal CO2 capture process 
conditions. In addition, a commercially available iron (III) oxide (Alfa Aesar, purity >99.945%) tested as a catalyst, 
yielded about 50% conversion for 4 cycles. The iron based catalysts were found to be promising but further work is 
needed to increase activity and longer term stability.  
Fig.6. Structure of OMS-2 showing cage for metal incorporation 
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4. Conclusion 
Palladium, nickel and iron based heterogeneous catalysts were synthesized and evaluated for destruction of 100 
mg/L nitrosopyrrolidine solution. Palladium based catalysts were more active than nickel based catalysts. However 
due to the high cost of Pd, Ni and Fe based catalysts were preferred. Another class of redox metal catalysts based on 
octahedral molecular sieves of manganese (OMS-2) were synthesized and evaluated for 2 consecutive cycles. Fe-
OMS-2 catalyst was superior with 64% NPy destruction in the first run followed by 55% destruction in the second 
cycle. Fly ash containing 5.37% FeO was also found to destroy nitrosamines to some extent under the hydrogenation 
environment. Fe- and Ni-based catalysts have been observed as a promising catalyst to destroy nitrosamines in 
concentrated aqueous amine solutions. 
Acknowledgements 
The authors acknowledge the Carbon Management Research Group (CMRG) members, including Duke Energy, 
Electric Power Research Institute (EPRI), Kentucky Department of Energy Development and Independence (KY-
DEDI), Kentucky Power (AEP), and LG&E and KU Energy, for their financial support.  
References
1. Shah AD, Dai N, Mitch WA, Application of ultraviolet, ozone, and advanced oxidation treatments to washwaters to destroy 
nitrosamines, nitramines, mmines, and aldehydes formed during amine-based carbon capture. Environ. Sci. Technol., 2013; 47 (6): 
2799–808.
2. Knuutila H, Svendsen HF, Asif N, Destruction of nitrosoamines with UV-light. Energy Procedia, 2013; 37: 743–50 
3. Chandan PA, Remias JE, Neathery JK, Liu K, Morpholine nitrosation to better understand potential solvent based CO2 capture process 
reactions. Environ. Sci. Tech., 2013; 47: 54817.
4. Fine NA, Rochelle GT, Thermal decomposition of n-nitrosopiperazine. Energy Procedia, 2013; 37: 1678-86.
5. Rochelle GT, Ashouripashaki M, Voice AK, Namjoshi O, Fulk S, Thermal destruction of nitrosamine in CO2 capture. WO 
2013106831 A1. 
6. Chandan, PA, Rogers F, Landon J, Remias, JE, Liu K, Minimizing solvent degradation and corrosion using multifunctional additives.
Presented at GHGT-12, Texas, USA, October 6-9, 2014.
7. Chandan PA, Remias JE, Liu K, Possible ways to minimize nitrosation reactions during post-combustion CO2 capture process. Int.
Greenh. Gas Contr., 2014, accepted manuscript. 
8. Yadav GD, Chandan PA, Tekale DP, Hydrogenolysis of Glycerol to 1,2-Propanediol over nano-fibrous Ag-OMS-2 catalysts. Ind.
Eng. Chem. Res., 2012; 51 (4): 1549–62. 
9. Chandan PA, Richburg L, Bhatnagar S, Remias JE, Liu K, Impact of fly ash on monoethanolamine degradation during CO2 capture. 
Int. J. Greenh. Gas Contr., 2014; 25:102-8.
0
10
20
30
40
50
60
70
80
90
100
Pd-OMS Ni-OMS Fe-OMS 
%
 D
es
tr
uc
tio
n 
0
10
20
30
40
50
60
70
1 2 3 4 5 
C
on
ve
rs
io
n 
(%
) 
Run
Fig.7. Nitrosamine destruction using OMS-2 based catalysts 
Reaction conditions: 500 mL 100 mg/L NPy in 5M MEA, 30 
mL/min flow rate, 6 h, 120 °C and 120 psi 
Fig.8. Nitrosamine destruction using fly ash as a catalyst 
